ABSTRACT. The chemical bonding and elastic properties of Ti2AC (A = Ga, Tl) have been investigated by means of extended Hückel tight-binding band structure calculations. The bulk modulus of Ti2AC decreases as Ga is replaced with Tl at the A sites. This can be understood by considering the relative strength of Ti−A bonds resulting from the different atomic size of 3A-group elements. The analysis of the projected density of states (PDOS) and the crystal orbital overlap population (COOP) for the respective phases shows that Ti−Ga bonds in Ti2GaC are stronger than Ti−Tl bonds in Ti2TlC.
INTRODUCTION
Recently, the so-called M n+1 AX n (MAX) phases, where n = 1, 2 or 3, M is an early transition metal, A is an Agroup (mostly 3A and 4A) element, and X is C or N, have attracted much attention due to their diverse properties associated with metals and ceramics (see ref.1 for details). Generally, the MAX phases are good thermal and electrical conductors; they are elastically stiff and exhibit high modulus, but are damage tolerant and readily machinable. These unusual elastic properties are attributed to their layered structure and the bonding characteristics of alternately stacking of the strong M−X bonds and relatively weak M−A bonds along one direction.
Over the past decade, a concerted effort was devoted to the experimental and theoretical studies 2−18 of these compounds to understand the relationship between their crystal structures and elastic properties. Zhou and co-workers reported that the mechanical properties of M 2 AC ceramics are dominated by the weak coupling between transition metal carbide slabs and weakly bonded A atom layers.
16−18
They suggested that by properly tuning the valence electron concentration an enhancement in mechanical properties could be achieved. Sun et al. investigated the effect of valence electron population on bonding and elastic properties of M 2 AlC (M = Ti, V, Cr) phases by means of ab initio total energy calculations. 13 They found that the increase in the bulk modulus of M 2 AlC, as Ti is replaced with V and Cr, is associated with an extensive increase in the M−Al and M−C bond energy. In order to better understand the mechanism of the change of bulk modulus, a thorough theoretical investigation of the bonding properties of the layered ternary carbides is necessary. Bulk modulus measures the resistance of a material to a volume change and fracture, and so the changes in bulk modulus are directly correlated to the interatomic bond strength between adjacent atomic planes within these ternary carbides. The high modulus can be traced to the strong interlayer covalent bonding.
In this paper, we concentrate on exploring the relations between the electronic structure and elastic properties of Ti 2 AC (A = Ga, Tl) as a function of the different atomic size of the 3A-group elements. Special attention is devoted to the bonding properties between Ti and A atoms. It is believed that the strengthening of the softer Ti−A bonds results in an increase of the bulk modulus of the compound. The knowledge of the bonding features of the Ti 2 AC compounds with different A-site elements will provide a guide for improving mechanical properties of the MAX phases. We use the total and projected density of states (PDOS) and crystal orbital overlap population (COOP) techniques to examine the chemical bonding features in Ti 2 GaC and Ti 2 TlC phases. The COOP curves are indicative of the nature and strength of the bonds between constituent atoms, with positive and negative regions indicating bonding and antibonding states, respectively. These calculations have been performed using the extended Hückel tight-binding (EHTB) method; 19, 20 parameters are given in Table 1 .
STRUCTURE DESCRIPTION
Ti 2 AC (A = Ga, Tl) compounds crystallizes in the hexagonal P6 3 /mmc space group (no. 194), with two formula units per unit cell. 21, 22 The crystal structure of Ti 2 AC can The structure is thus defined by two lattice constants a and c, and the only free positional parameter z for the Ti atoms. Table 2 shows a summary of the structural data for Ti 2 AC (A = Ga, Tl).
The bulk modulus values of elasticity are also listed in Table 2 . One notices that the bulk modulus of Ti 2 GaC (146 GPa) is slightly higher than that of Ti 2 TlC (125 GPa). The decrease in bulk modulus through the replacement of Ga by Tl can be understood by considering the changes in the electronic structure and Ti−A bond strength associated with the different sizes of the Ga and Tl atoms. Detailed electronic and bonding properties are analyzed in the sections that follow.
RESULTS AND DISCUSSION

Electronic Properties
In order to understand the nature of the electronic band structures of Ti 2 AC (A = Ga, Tl), we have calculated the PDOS for these compounds. The total and projected DOS curves are displayed in Fig. 2 . In the two compounds studied, the Fermi level (E F ) crosses the lower part of the Ti 3d bands. It is observed that titanium contributes the most to the total DOS around the Fermi level. The contribution of A elements around the Fermi level is small, and it is almost negligible for C. This implies that as for the great majority of the MAX phases, the electrical conductivity of these compounds comes from the electronic states of the transition metal, specifically the Ti 3d electrons. As seen in Fig. 2(a) , the lowest valence bands of Ti 2 GaC centered at around −22 eV arise mainly from the carbon 2s orbital. The higher valence bands in the range −13.5 to −11 eV are composed almost entirely of C 2p orbitals with a mixture of Ti 3d orbitals. This is an indication of the strong orbital mixing between C 2p and Ti 3d. This covalent bonding interaction may play an important role in explaining the structure stability of Ti 2 GaC, a general trend in MAX phases. The structure ranging from −10 eV to −2 eV consists mainly of Ti 3d orbitals. The DOS just below the Fermi level is derived from Ti 3d states with an admixture of Ga 4p orbitals, suggesting the formation of Ti−Ga bonds. The higher lying structure up to −2 eV consists of a mixture of mostly Ti d and C/Ga p states. Their antibonding states are seen above E F in the energy range −4 to −2 eV. Also, the PDOS profile exhibits another interesting feature: the bonding peaks of C 2p−Ti 3d orbitals (−13.5 to −11 eV) are much more delocalized and stronger than those of Ti 3d−Ga 4p orbitals (−10 to −8 eV). This suggests that Ti−C bonds are stronger than Ti−Ga bonds. This conclusion is consistent with the fact that in the majority of MAX phases, the M−X bonds are stronger than the M−A bonds.
The DOS for Ti 2 TlC is illustrated in Fig. 2(b) . It is found that the Ti 3d−C 2p bonding states in Ti 2 TlC have a similar energy range to those in Ti 2 GaC, which indicates the similar bond strength. However, Ti 3d−Tl 6p bonding states, ranging from −9 to −7.5 eV, are shifted to higher energy, compared to Ti 3d−Ga 4p bonding states at −10 to −8 eV (Fig. 2(a) ). It is also clear from Figs. 2(a) and 2(b) that Ti 3d−Ga 4p bonding states in Ti 2 GaC are much more delocalized than Ti 3d−Tl 6p bonding states in Ti 2 TlC, suggesting a stronger covalent character for the Ti−Ga bond as compared with Ti−Tl. This result explains higher elastic bulk modulus of Ti2GaC than Ti 2 TlC. Another common feature is the metallic bonding states in the vicinity of the Fermi level that originate from the d−d interactions between the Ti atoms in Ti−C−Ti slab. They contribute slightly to the bonding.
With the Ti 2 GaC and Ti 2 TlC structures, the Ti 6 C octahedra are compressed along z in all compounds. The inplane Ti−Ti distances in Ti 2 GaC and Ti 2 TlC are 3.03 and 3.18 Å, while the interlayer Ti−Ti distances in Ti 2 GaC and Ti 2 TlC are 2.85 and 2.87 Å, respectively. For comparison, the Ti−Ti distance in bulk Ti metal is 2.89 Å. Thus, d−d interactions between the Ti atoms in the Ti 2 C sublattice should play an appreciable role in the bonding. The Ti−C distances in Ti 2 GaC and Ti 2 TlC is 2.08 and 2.14 Å, respectively, which are slightly less than that in binary carbide TiC (2.16 Å). 23 Thus, presumably strong orbital interactions of Ti with C should be expected. The Ti−Ga distance is 2.79 Å. This distance is a lot larger than the sum of single-bond metallic radii for Ti and Ga (2.57 Å). 24 The Ti−Tl separation is 3.05 Å, which is much larger than a value of 2.87 Å expected for a Ti−Tl single bond. 24 This probably indicates the weaker bonding interactions between Ti and Ga/Tl in contrast to the Ti−C interaction. The Ga−Ga bond distance in Ti 2 GaC (3.03 Å) is much longer than the one in pure Ga (2.44 Å). The bonding contribution of the Ga atoms results from their bonding to the Ti 6 C blocks via presumably p−d overlap out of the basal planes, and not from bonding formed between them.
At this point the discussion of the mixing features solely from the PDOS cannot give detailed information about the chemical bonding in these compounds. A further step must be undertaken by examining the COOP. Let us now turn our attention to their bonding properties. 
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Bonding Properties
The calculated COOP provides valuable insight to understand the nature of the chemical bonding controlling the properties of these structures, which can be assessed further by Mulliken population analysis. We show in Fig. 3 the calculated COOP curves for atom pairwise interactions in the Ti 2 GaC and Ti 2 TlC systems. Note the general characteristics of COOP curve: positive regions that are bonding and negative regions that are antibonding.
Analysis of the orbital interactions via COOP indicates that the Ti−C bonding is optimized in both compounds. From Figs. 3(a) and 3(b) , it is seen that the bonding states of Ti 3d−Ga 4p and Ti 3d−Tl 6p are present at approximately −9 and −8 eV, respectively, and stronger Ti 3d−C 2p bonding states are lying deeper in energy (around −12 eV). Not all bonding states are filled for both Ti−Ga and Ti−Tl interactions. In fact, the degree of the bond strength does not only depend on the relative COOP peak positions below the Fermi level but also on the relative intensity of the peaks. For a given bond, the integrated overlap population up to the Fermi level reflects its bond strength. The difference in the bond strength of Ti−Ga and Ti−Tl is attributed to the change of the electronic structure with increasing the atomic size of A element from Ga to Tl. As shown in Figs. 3(a) and 3(b) , the peak of Ti 3d−Tl 6p bonding states slightly shifts toward the Fermi level and becomes weak, compared with that of Ti 3d−Ga 4p bonding states. In Ti 2 GaC and Ti 2 TlC, below E F , the Ti−C bonding interactions predominate. All antibonding counterparts of Ti− Ga/Tl as well as Ti−C interactions can be seen in the conduction bands (approximately −4 to −2 eV). Therefore, the Ti−Tl bonding results in the weaker coupling between the transition metal carbide slabs and A-group atom layers, compared to Ti−Ga bonding.
The covalent strength of a specified bond can be determined by the total overlap population obtained by summing up the area under the COOP curve up to the Fermi level. We list in Table 3 the calculated overlap populations (OP) and bond distances for some covalent bonds in Ti 2 GaC and Ti 2 TlC. The overlap population yields ca. 0.39−0.40 for Ti−C bonds in these compounds. This shows that the degree of covalency for Ti−C bonds is very strong. The larger OP value of Ti−Ga bonds in Ti 2 GaC indicates that there occurs a strengthening of Ti−A bonds as the A element switches from Tl to Ga. The elastic properties in Ti 2 AC (A = Ga, Tl) compounds are strongly related to the covalent bond strength of Ti−A bonds with the different atom sizes of Ga and Tl elements in a group. More filled bonding states of Ti−Ga bonds, compared to Ti−Tl bonds, nicely explain the larger bulk modulus of Ti 2 GaC than that of Ti 2 TlC. Therefore, the strengthening of Ti−A bond gives rise to the enhancement of elasticity in Ti 2 AC.
CONCLUSION
We have performed EHTB band structure calculations for the layered Ti 2 AC (A = Ga, Tl) carbides to study the relationship between their electronic structure and elastic properties. Our results show that replacing Ga by Tl affects considerably the Ti−A bonding and elastic properties. It is concluded that the lower bulk modulus is related to the weaker Ti−A bonds. Compared to Ti−Tl bonds, the larger overlap population of Ti−Ga bonds results in the stronger coupling between the transition metal carbide slabs and A-group atom layers and hence the higher bulk modulus. We also find that Ti 3d−Ga 4p bonding states are located deeper in energy below the Fermi level and much more delocalized as the Ga 4p orbitals lie lower in energy than Tl 6p. These observations are compatible with the mechanical behavior of Ti 2 AC compounds above.
